Background: Maraviroc is a CC-chemokine receptor 5 antagonist approved to treat adults infected with CC-chemokine receptor 5-tropic (R5) HIV-1. Study A4001031 was conducted to evaluate the pharmacokinetics, safety and efficacy of maraviroc in combination with optimized background therapy in treatment-experienced pediatric patients infected with R5 HIV-1 and support registration of maraviroc for pediatric use.
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However, suitable pediatric formulations for many ARVs are lacking, with toxicities and resistance further complicating treatment. Perinatally infected children have often been treated with several drug regimens over several years and may have accumulated multiple resistance mutations. 2 The challenging nature of conducting studies in this population results in regulatory approval usually lagging behind adult approvals by several years. HIV-infected children, therefore, have fewer therapeutic options compared with adults and it is important to evaluate all new ARVs in the pediatric population.
The safety and efficacy of maraviroc, a CC-chemokine receptor 5 (CCR5) antagonist for the treatment of HIV-1 infection, have been demonstrated in both treatment-experienced (TE; MOTI-VATE 1 and 2 studies) and treatment-naive (MERIT study) adults infected with CCR5-tropic HIV-1. 3, 4 Five-year follow-up data from these studies have demonstrated favorable long-term safety and durable virologic responses. 5, 6 Maraviroc, a cytochrome P450 3A (CYP3A) substrate, requires dose adjustment when used in combination with potent CYP3A inhibitors or inducers. The approved dose of maraviroc for adults is 300 mg twice daily (BID) in the absence of potent CYP3A inducers or inhibitors (neutral agents), whereas it is adjusted to 150 mg BID in the presence of potent CYP3A inhibitors and to 600 mg BID in the presence of potent CYP3A inducers (in the absence of potent CYP3A inhibitors). 7 Week 48 data from the MOTIVATE studies demonstrated that 43% and 46% of TE adult patients receiving optimized background therapy (OBT) with maraviroc once daily and BID, respectively, achieved an HIV-1 RNA of <50 copies/mL compared with 17% of those receiving OBT only. Maraviroc treatment also provided a significant cluster of differentiation 4 (CD4) benefit. 4 Maraviroc was administered at a dose of 300 mg or equivalent (dose reduced to 150 mg when given with potent CYP3A inhibitors) in these studies. 4 Assessment of exposure-response at Week 48 demonstrated that the doses used in the MOTIVATE studies delivered plasma concentrations that were high on the exposure-response curve, with near-maximal efficacy achieved at an average concentration (C avg ) of ≥100 ng/mL. 8 Study A4001031 evaluated the pharmacokinetics (PK), safety and efficacy of maraviroc in TE pediatric patients to assess pediatric dose formulations and develop dose recommendations for registration of maraviroc in this population. Here, we describe the PK, safety and efficacy data through Week 48.
MATERIALS AND METHODS
Study A4001031 is an ongoing, open-label, multiple-dose trial to assess the PK, safety and efficacy of maraviroc in combination with OBT for the treatment of ARV-experienced CCR5-tropic HIV-1-infected pediatric patients (ClinicalTrials.gov identifier: NCT00791700). It is being conducted in compliance with the Declaration of Helsinki and International Conference on Harmonisation Good Clinical Practice Guidelines, and all local regulatory requirements are being followed. The protocol was approved by institutional review boards and/or independent ethics committees at all sites. Written informed consent was provided by all participants or their parents/caregivers/legal guardians, as appropriate. Where appropriate, assent was also obtained from participants. An independent data monitoring committee reviews the data on a regular basis to ensure the safety of participating patients.
Study Population and Design
Participants were HIV-1-infected children and adolescents (≥2 to <18 years of age) with only CCR5-tropic virus, as identified using the enhanced sensitivity Trofile assay (Monogram Biosciences, San Francisco, CA). Other inclusion criteria included plasma HIV-1 RNA ≥1000 copies/mL and intolerance to, or experience with, at least 2 ARV drug classes for ≥6 months. Key exclusion criteria were the need for more than 5 ARVs (excluding low-dose ritonavir) in an OBT regimen, grade ≥3 neutropenia, thrombocytopenia, anemia, aspartate transaminase, alanine transaminase, creatinine or lipase elevations (defined using 2004 Division of AIDS [DAIDS] toxicity criteria) 9 and active opportunistic infections. Participants were stratified on Day 1 by age and formulation into 1 of 4 cohorts (Fig. 1) . Maraviroc was administered BID as tablets or as a 20 mg/mL oral solution, in combination with an OBT regimen selected by the investigator based on susceptibility testing and treatment history and consisting of 3-5 ARVs. The study was divided into 2 stages. Stage 1 was an intensive dose-finding stage, whereas the 48-week safety and efficacy was assessed in Stage 2 once an individual or OBT category dose was identified (Fig. 1) . The primary endpoint was evaluated at Week 48, but participants are being followed for up to 5 years to establish the long-term safety of maraviroc.
Dose Selection and Confirmation
Maraviroc doses in Study A4001031 were scaled from adult doses using body surface area (BSA) and assuming a standard adult BSA of 1.73 m 2 . Initial doses were therefore approximately:
• 173 mg/m 2 in the absence of potent cytochrome P4503A (CYP3A) inhibitors or potent CYP3A inducers (ie, neutral OBT),
• 87 mg/m 2 in the presence of potent CYP3A inhibitors, • 347 mg/m 2 in the presence of potent CYP3A inducers (in the absence of potent CYP3A inhibitors).
Participants were placed into BSA bands and doses were adjusted for OBT and/or concomitant medication category (Table 1) .
A target C avg of 100 ng/mL was set based on adult exposure/ response data. 8 Intensive PK data were obtained for dose optimization at Week 2 for all Stage 1 patients. If dose adjustment was required, intensive PK samples were again obtained after approximately 2 weeks on the new dose. Once it was determined that they were receiving an appropriate maraviroc dose, Stage 1 participants were rolled over into Stage 2. Once a sufficient number of Stage 1 participants were enrolled to allow dose selection by cohort (for OBT containing CYP3A4 inhibitor category only), new participants were enrolled directly into Stage 2.
Participants enrolled in Stage 1 took their maraviroc dose with food on intensive PK sampling days. On all other days maraviroc was taken with or without food.
Assessment of PK
In Stage 1, PK samples were obtained at the following times: pre-dose (0), 1, 2, 4, 6, 8 and 12 hours after dosing at the Week 2 visit; 2 weeks after a dose adjustment at the Week 2 visit (if a dose adjustment occurred), and at the Week 48 week visit in all Stage 1 participants who rolled over into Stage 2 and remained in the study on maraviroc at Week 48. Standard PK parameters were determined by noncompartmental analysis. Sparse PK sampling was also done for all patients who participated in Stage 2 (including participants rolled over from Stage 1) at each visit up to and including Week 48. Samples for sparse PK analysis were obtained within a window of 5-12 hours after a maraviroc dose.
A graphical analysis was performed to compare maraviroc concentration-time data (on initial and optimized doses, and including intensive and sparse sampling), achieved with the doses utilized in Study A4001031 in pediatric patients, with sparse PK data from adult patients studied at recommended adult doses in the approved product labeling on similar background therapy. Data are summarized by the following CYP3A drug interaction dosing categories: potent CYP3A inhibitors, neutral agents and potent CYP3A inducers.
Assessment of Safety
Safety was assessed at all visits with monitoring of adverse events (AEs), serious adverse events (SAEs), vital signs and laboratory parameters. AEs were graded according to 2004 DAIDS toxicity scales. 9 All participants who received at least 1 dose of study drug were included in the safety analyses, and data were summarized descriptively. Exposure-adjusted incidence rates were calculated to allow for comparison with data from the MOTIVATE studies in TE adults.
Assessment of Efficacy
HIV-1 RNA (COBAS AmpliPrep/COBAS TaqMan HIV-1 test; Roche, Basel, Switzerland; lower limit of quantification, <48 copies/ www.pidj.com | 461 mL) and CD4+ count (absolute and percentage) were evaluated at all study visits. Efficacy was a secondary endpoint in the study and the efficacy analysis population comprised all participants who received at least 1 dose of the study drug. The proportions (%) of participants with HIV-1 RNA <400 and <48 copies/mL at Week 48 were determined using the US Food and Drug Administration snapshot algorithm, where missing, switch and discontinuation equals failure (MSDF). Virus susceptibility (PhenoSense GT; Monogram Biosciences, San Francisco, CA) and tropism were assessed at screening and at the time of virologic failure. Patients with virologic failure were defined as those who were discontinued for lack of efficacy and met protocol-defined virologic failure criteria (details in Supplementary Digital Content 1, http://links.lww.com/INF/C856).
Adherence
Adherence to maraviroc and OBT was assessed through reconciliation of the amount of the study drug (pill count and liquid volume) returned at each visit. Caregivers/patients were asked to account for any missed doses.
RESULTS

Study Population and Disposition
Of the 285 patients screened, 103 received at least 1 dose of the study drug. The most common reasons for screen failure were non-R5 virus or failed tropism test (~40%) and HIV-1 RNA <1000 copies/mL (~23%). Participants were enrolled in 8 countries across 24 sites, with the majority enrolled from South Africa (n = 62). The rest were from the United States (n = 12), Thailand (n = 11), Brazil (n = 6), Spain (n = 6), Portugal (n = 4), Italy (n = 1) and Puerto Rico (n = 1).
Demographic and baseline characteristics are summarized in Table 2 . There were 49 male and 54 female participants, the majority of whom were Black (68.9%) with a mean age of 10.3 (standard deviation: 4.1) years. Significant previous treatment experience is reflected by the high proportion of participants with resistance-associated mutations, especially to the nucleoside reverse transcriptase inhibitor and non-nucleoside reverse transcriptase inhibitor drug classes.
Of (30.1%) who discontinued treatment before/at Week 48, the most common reasons were "insufficient clinical response" (determined by the investigator) (23/31 participants; 74.2%), "noncompliance with study treatment" (2/31 participants; 6.5%) and "no longer willing to participate in study" (3/31 participants; 9.7%).
PK Data
The majority of participants (90/103; 87.4%) received maraviroc in combination with an OBT containing potent CYP3A inhibitors. Ten participants (9.7%) received a neutral OBT, and 3 participants (2.9%) received OBT containing potent CYP3A inducers (without potent CYP3A inhibitors).
Six of the 56 patients enrolled into Stage 1 were discontinued before Stage 2 (2 were noncompliant, 2 had AEs, 1 was no longer willing to participate, and blood sampling was unsuccessful in 1). Of the 50 participants who entered Stage 2 after individual dose optimization in Stage 1, 49 achieved the target C avg of ≥100 ng/mL. Dose adjustments were required for 8 participants (1 on a CYP3A inhibitor, 1 on a CYP3A inducer and 6 receiving a neutral OBT regimen) in Stage 1. One participant on a neutral OBT regimen, who did not reach the required exposure target after 2 upward dose adjustments but clinically responded (<48 copies/mL HIV-1 RNA) on maraviroc 300 mg BID (adult recommended dose), was enrolled into Stage 2. Because the first 6 patients in the neutral OBT group required upward dose adjustments, the initial doses of maraviroc for this OBT group were adjusted upward as shown in Table 1 , column 3.
Mean plasma maraviroc concentration time profiles for the 50 Stage 1 participants who enrolled in Stage 2 were similar across cohorts at Week 2 ( Fig. 2A ; Table, Supplemental Digital Content 2, http://links.lww.com/INF/C857, for detailed PK data) and Week 48. Geometric mean C avg at Week 48 remained ≥100 ng/mL for all cohorts. There was no evidence of a relationship between maraviroc plasma levels (C avg at Week 2) and the virologic response rate (MSDF HIV-1 RNA <400 and <48 copies/ mL) at Week 48, indicating that higher doses of maraviroc are unlikely to improve response.
Concentration-time data for the pediatric patients in Study A4001031 and data from adult HIV-1-infected patients receiving similar therapy demonstrated that across the 3 CYP3A drug interaction categories, the majority of concentrations in pediatric participants fell within the adult observation ranges (Fig. 2B-D) . Italic value indicates to distinguish from final doses. *Original starting doses; the first 6 participants who received maraviroc with neutral OBT required at least twice their initial maraviroc dose to attain the target C avg (≥100 ng/mL). Initial doses were therefore amended for subsequently enrolled participants.
†Dose available in oral solution only. ‡For example, atazanavir, darunavir, indinavir, lopinavir/ritonavir, nelfinavir, saquinavir, ketoconazole, itraconazole, clarithromycin and telithromycin.
§For example, efavirenz, etravirine, rifampicin, carbamazepine, phenobarbital and phenytoin (in the absence of potent CYP3A inhibitors).
BID indicates twice daily; BSA, body surface area; Cavg, average concentration; OBT, optimized background therapy.
Safety
Maraviroc was well tolerated. A total of 285 treatmentemergent AEs (all causality) were reported by 74 participants (71.8%). Twelve participants (11.7%) experienced 15 SAEs up to Week 48 in Study A4001031; the majority were infections, and none was considered related to maraviroc treatment by the investigators. There were 2 discontinuations (1 each in Cohorts 3 and 4) and 3 temporary discontinuations (2 in Cohort 3 and 1 in Cohort 4) due to AEs, with no deaths or dose reductions. Category C AIDSdefining events were reported in 2 participants (1 case of pulmonary tuberculosis and 1 case of recurrent episodes of pneumonia and tuberculosis).
The majority of treatment-emergent AEs were grade 1 or 2 in severity, and only 6 participants reported grade 3 and 4 AEs; none of which were considered related to maraviroc by the investigator. Treatment-emergent AEs reported by >10% of participants were diarrhea (17 participants [16.5%]), vomiting (17 participants [16.5%]) and upper respiratory tract infection (14 participants [13.6%]). The overall exposure-adjusted incidence of treatmentemergent AEs was broadly consistent between cohorts. However, the exposure-adjusted incidence of common childhood illnesses, such as diarrhea, vomiting, gastroenteritis, otitis media, otitis media acute and upper respiratory tract infection, was higher in Cohort 1 (children ≥2 years and <6 years of age) compared with the cohorts containing older children. This is consistent with what would be expected in this population. 13 Compared with data from the MOTIVATE studies in adults, the exposure-adjusted incidence of most commonly reported AEs was generally similar or lower (Table 3) , while AEs with a higher exposure-adjusted incidence in children represent common childhood illnesses, such as infections, or signs/symptoms thereof.
Treatment-emergent grade 3 or 4 laboratory abnormalities (identified using 2004 DAIDS grading criteria) 9 were identified in 14 participants. Two experienced grade 4 abnormalities. One had a grade 4 lipase elevation; this event resolved while continuing on maraviroc and was assessed by the investigator as not related to the study drug. No AEs indicative of pancreatitis were reported. Grade 4 aspartate transaminase and alanine transaminase elevations, as well as a grade 3 elevation in total bilirubin, were experienced by 1 participant at the time of discontinuation (for insufficient clinical response), and was attributed to rifampicin/isoniazid treatment by the investigator. Another participant experienced an asymptomatic grade 3 alanine transaminase elevation, as well as grade 2 aspartate transaminase and bilirubin elevations on day 333 of treatment. Maraviroc and OBT (lopinavir/ritonavir and zidovudine/lamivudine) were discontinued and abnormalities resolved after 13 days. All treatments were restarted 6 days after the values returned to normal, and no immediate elevations were observed. The event is 10 max indicates maximum; min, minimum; N, number of subjects in cohort; n, number of subjects with observations; NNRTI, nonnucleoside reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; PI, protease inhibitor; RAM, resistanceassociated mutations; SD, standard deviation.
www.pidj.com | 463 unlikely to be related to maraviroc or OBT, given the time to onset and the negative rechallenge.
Seven participants experienced grade 3 neutropenia while on maraviroc, 4 of whom had a low neutrophil count before receiving maraviroc. Six were receiving concurrent zidovudine and/or lopinavir/ritonavir, while the remaining patient received zidovudine for more than 10 years before starting maraviroc and lamivudine/ tenofovir. There was no apparent temporal association between the neutropenia and maraviroc treatment, and no discontinuations due to neutropenia. Importantly, none of the participants would have met the criteria for grade 3 neutropenia if severity had been assessed using the 2014 DAIDS criteria 14 cutoff for grade 3 absolute neutrophil count decrease (<0.6 × 10 9 /L), rather than the 2004 DAIDS criteria (<0.75 × 10 9 /L).
9
Efficacy and Virology
All cohorts had a mean decrease from baseline in HIV-1 RNA of ≥1.5 log 10 copies/mL. The proportion of participants achieving HIV-1 RNA <400 copies/mL at Week 48 using the MSDF algorithm was 65.0%, whereas 47.6% achieved <48 copies/ mL. The lowest response rate (39.5% achieving HIV-1 RNA <48 copies/mL) was seen in the adolescents in Cohort 4, with all other cohorts achieving a response rate of ≥50%. The absolute CD4+ cell count (cells/mm The virologic failure population included 23 participants; 5 had dual-mixed virus at failure; 2 of whom had dual-mixed virus identified before maraviroc treatment, but after screening. Resistance to maraviroc (maximum inhibition, 92.1%) was identified in 1 participant. Resistance mutations to background ARV drugs emerged in 8 participants; in 5 only minor protease inhibitor mutations were identified, whereas the remaining 3 had reverse transcriptase mutations. Poor adherence may have contributed to failure, as participants with virologic failure recorded lower adherence to both maraviroc and OBT compared with responders (data not shown). 
DISCUSSION
Study A4001031 was designed to evaluate the PK in pediatric patients (≥2 to <18 years of age), allow for dosing recommendations and assess the safety of maraviroc in this population. Efficacy was a secondary endpoint, as the course of HIV infection and the effects of ARV drugs are considered sufficiently similar in pediatric and adult patients to allow for extrapolation of efficacy data.
The BSA-based dosing strategy utilized in study A4001031 achieved similar concentrations to those observed in adults receiving recommended BID doses of maraviroc, using both tablet and oral solution formulations. Forty-nine of 50 participants entering Stage 2 from Stage 1 achieved the target C avg of ≥100 ng/mL, which was associated with near-maximal efficacy in TE adults in the MOTIVATE studies. 8 The range of exposures achieved in the pediatric patients in this study fell within the ranges seen in adults receiving similar background therapies, supporting the bridging between adult and pediatric populations.
Evaluation of safety data through Week 48 demonstrated that maraviroc treatment in combination with other ARVs was generally well tolerated in these pediatric patients with a safety profile comparable to that in adults. 4 Overall, the results raise no new safety concerns specific to the pediatric population and, together with the well-established safety profile in adults, support the safety of maraviroc treatment (using oral solution or tablets) as part of combination ARV treatment in HIV-1-infected children.
As this was a noncomparative study where maraviroc was administered in combination with an OBT regimen containing at least 3 other ARVs, it was not designed to evaluate efficacy. However, the virologic and immunologic efficacy, as well as mechanisms of viral escape, were similar to that seen in adult patients in the MOTIVATE studies. 4, 15 Lack of response appeared to be primarily driven by poor or erratic adherence, consistent with observations in other studies. 2, 16 The lower response rate in the adolescent patients is similar to what was observed in the DELPHI study with darunavir. 16 This is not unexpected given that older children have generally been infected with HIV for a longer time and are therefore likely to have been treated for longer with a higher likelihood of archived resistance mutations. 16 Furthermore, adherence to ARVs has been identified as a key concern in the adolescent population. 17 In conclusion, the data from study A4001031, supported by the safety and efficacy data in adult studies, demonstrate that ageappropriate formulations/doses of maraviroc are well tolerated, and have safety and efficacy profiles similar to those seen in adults, in TE pediatric patients with CCR5-tropic HIV-1. Consistent with World Health Organization recommendations and pediatric dosing guidelines for several other ARVs, 18, 19 simplified weight-based dosing regimens for maraviroc in pediatric patients have recently been approved by the US Food and Drug Administration. 
